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Magnetohydrodynamic Modelling of
Interplanetary Disturbances Between
the Sun and Earth

[. INTRODUCTION

The roles of solay flares and stream -stream interactions and their effects
upon the solar wind and irvesplanciary magnetic field (IMF) are now generally
appreciate 4 wirhin botk the sceientific community and the larger group of diverse
aperational users of sophisticated high~technology svstems,  The latter group is
especially concerned with magnetospheric and lonospheric disturbances during

geomagnetic storms,  Thus, the need for long-range forecasting (on a time scale

of many hours or even several davs) has becoime elear. An MHD model, together

with several operational spacecrafts that can provide continuous "ground truth”
in the selar wind, is an obvious candidate far a kev role in providing this need.

This paper's purnose is to demonstrate the capabilitv, unique at this time 1o
our knowledge, of o self-consistent MHD model to produce operational forecasts
that are specifically directed to the following questions:

(1) Will n solar disturbance affect the geophysical environment (specifically
onospheric and magnetospheric disturbances)? ... and, if so,

(2) When will a geomagnetic storm start ?

(3) How long will it last?

(4} How severe will it he?

(Reccived for publication & Decomber 1982)
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It is emphasized that the MHD model that will be discussed is a development in the

long tradition of simulations of initial-boundary value problems that are solved
with numerical finite difference solutions of partial differential equations. The
model is not a kinematical approximation as performed, for example, by
Hakamada and Akaso[‘u1 for the kind of heliospheric problem addressed here.
More specifically, we will use the model devised by Wu, Dryer, and Han. 2 This
non-planar model (so-called because it includes all three components of the solar
wind plasma and IMF) is the most recent development that follows upon the ear-
lier work of Wu, Han, and Dryer‘;3 Dryer, Wu, and Han;4 D'Uston et al;5 and
D'Uston. 6 The earlier work clearly demonstrated the development of fast-
forward (as well as reverse) MHD shock waves, their asymmetrical propagation,
as well as their multiple interactions (as in the well~known, multiple-flare situ-
ation in August 1972). It was, however, restricted to only two components of the
plasma bulk velocity and IMF in the ecliptic plane as a consequence of its purely
2-D formulation. As part of our long-range program (that includes a fully 3-D,
time-dependent formulation), a non-planar extension to the earlier 2-D studies
was incorporated (Wu, Dryer, and Han). 1 This "quasi-3D" or ""2-1/2D" formu-
lation now makes it possible to relate solar disturbances to geomagnetic disturb-
ances via the studies reviewed, for example, by Smart, Garrett, and Shea. 7 We

have in mind, more specifically, the use of solar wind parameters as proposed

by: (1) Perreault and Akasofu8 who advocate the use of the energy coupling function,

1. Hakamada, K., and Akasofu, S, -I. (1982) Simulation of three-dimensional
solar wind disturbances and resulting geomagnetic storms, Space Sci.
Rev. 31:3-70.

2. Wu, S,T., Dryer, M., and Han, S.M. (1882) Non-planar MHD model for
solar flare-generated disturbances in the heliospheric equatorial plane,
submitted to Solar Physics.

3. Wu, S.T., Han, S.M., and Dryer, M. (1979) Two-dimensional, time-
dependent MHD description of interplanetary disturbances: simulation of
high speed solar wind interactions, Planet. Space Sci. 27:255-264.

4, Dryer, M., Wu, S, T., and Han, S.M. (1980) Two-dimensional, time-
dependent MHD simulation of the disturbed solar wind due to representative
flare-generated and coronal hole-generated disturbances, Geofis. Intern,
19:1-15.

5. D'Uston, C., Dryer, M,, Han, S.M., and Wu, S, T. (1981) Spatial structure
of flare-associated perturbations in the solar wind simulated by a two~
dimensional numerical MHD model, J. Geophys. Res. 86:525-534.

6. D'Uston, C. (1981) Dynamique des Ondes de Choc Interplanetaires
Engendrees par des Eruptions Solaires, PhD thesis in Physical Sciences,
University Paul Sabatier de Toulouse, Toulouse, France,

7. Smart, D.F,, Garrett, H,B,, and Shea, M. A. (1980) The prediction of AF,
ap, and Dst at time lags between 0 and 3V hours, in Solar-Terrestrial
Predictions Proceedings, Vol. II, R.F. ‘Donnelly, kd., U, S, Government
Printing Office, Washington, D. C., pp. 399-413,

8. Perreault, P., and Akasofu, S.-I. (1978) A study of geomagnetic storms,
Geophys. J. R. Astr, Soc, 54:547.




€; and (2) Burton, McPherron, and Russell9 who advocate the half-wave rectifier

concept for the magnetosphere as represented by the quantity VBS [ where BS is
the southward (negative) IMF component ... corresponding, later, to our positive
component, BO] . Other workers have examined the statistical use of these (and
other) quantities for the prediction of geophysical parameters such as the AE,
Dst, AL, and Kp indices (see, for example, Smart, Garrett, and Shea;7 Baker

et al:lo Clauer et al;11 Holzer and Slavin;12 14).

Kamide;13 and Kamide and Akasofu
There is no useful purpose served if the present paper were to advocate one
index in relation to another. We view our role as one that will provide all of the
parameters that are used to compute the cited indices once we are provided with
knowledgeable (even educated guesses!) conditions near the sun on a regular
basis. [ This latter phrase really means a time scale that is dependent on solar
activity.] The former phrase refers to solar observations that can delineate not
only solar flares (radio sweep frequency, soft X-ray), but also those that can
infer the slower changes such as coronal hole (optical, magnetograph) develop-
ment or demise. Only time-dependent modelling has the capability for fulfilling
this requirement. Also, strictly speaking, a 3-D, time-dependent MHD model
is necessary when it is known that large latitudinal changes (compared to those
in the heliospheric equatorial plane) take place. We will consider this problem
in the future, Stated mathematically, our present quasi-3D model will, then,
assume that partial derivatives of all dependent variables (density, temperature,
velocity, IMF) with respect to the heliocolatitude, 8, are negligible in comparison
with those derivatives in the radial (r) and heliolongitudinal (¢) directions.
Studies in MHD modelling of the interplanetary environment are incomplete
without direct confrontation with observations. It is essential that the MHD
models be tested in relation to the "ground truth" provided by solar wind plasma

and magnetometer instrumentation aboard spacecraft outside the influence of

9. Burton, R.K,, McPherron, R.L., and Russell, C,T. (1975) An empirical
relationship between interplanetary conditions and Dst, J. Geophys. Res,
80:4204,

10. Baker, D.N,, Hones, Jr., E.W., Payne, J.B., and Feldman, W.C. (1981)
A high time resolution study of interplanetary parameter correlations with
AE, Geophys. Res. Lett. 8:179-182,

11. Clauer, C.R., McPherron, R. L., Searls, C., and Kivelson, M.G. (1981)
Solar wind control of auroral zone geomagnetic activity, Geophys. Res,
Lett, 8:915, -

12. Holzer, R.E., and Slavin, J.A. (1982) An evaluation of three predictors of
geomagnetic activity, J. Geophys. Res. 87:2558-2562,

13. Kamide, Y. (1982) Comment on '"An evaluation of three predictors of
geomagnetic activity", J. Geophys. Res. (submitted).

14. Kamide, Y., and Akasofu, S.-I. (1982) Notes on the auroral electrnjet
indices (in press),




Because of the large number of references cited above, they will not be listed

Earth's bow shock, We have performed such studies in the past as summarized

15-17 4,18, 19) 114 a doctoral thesis (D'Uston).®

Further studies with the present quasi-3D model, however, are still needed before

in several review articles (Dryer;

it can be used as an operational tool by AWS forecasters, Fortunately, multi-
spacecraflt observations by the Helios, Voyager, Pioneer, Prognoz-8, ISEE-3,
and IMP spacecraft are now being provided by various experimental groups
(Burlaga et a1;20—23 Dryer et a1;24 Intriligator;z5 Klein and Bur‘laga;z6 Richter )
ot 31;2 Zastenker et al;28 Intriligator and Miller;29 and Borrini et al.30) These ¥
groups are delineating properties such as the global extent of flare-generated 3
shock waves, energetic particle modulation, IMF distortions into "'magnetic"
clouds, and post-shock plasma properties in everincreasing detail, We plan to
make comparisons in the future of multi-spacecraft observations with the predic-
tions provided by our MHD model.

Prior to such a massive undertaking, however, it is necessary that general
properties of some canonical examples be provided by the model so that major
physical properties can be identified. Such is the purpose of the present report.
Therefore, we will examine the interplanetary disturbances that are produced by

a canonical set of flare-generated shock waves.

2. ANALYSIS

The governing equations for the time-~dependent, non-planar MHD problem
are mathematical expressions of the physical conservation laws, For convenience
of numerical computation, they are written in quasi-conservation form in spheri-
cal coordinates and specialized for the equatorial plane (6 = 90%). The equatorial
plane may be either the ecliptic plane, the solar equatorial plane, or even the
equatorial plane in a tilted heliospheric coordinate system, The latter system
may also be a candidate for the present analysis as a consequence of the discovery

of the solar current sheet (for example, Rhodes and Smith31

), the empirical study
of Zhao and Hundhausen, 32 and the kinematic study of Hakamada and Akasofu. 1
A schematic sketch of heliospheric space is shown in Figure la with the two
cross-hatched planes indicating the meridional plane and the equatorial plane of
our analysis Figure 1b. We will consider a 180° segment of the latter plane.

The general equations for the conservation of fundamental physical quantities
(neglecting dissipation, except at shock waves) in mks units are identical to those

given by Wu et al2 and, for completeness, are summarized in Appendix A.

here. See References, page 25. -]
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Figure la, Illustration of the Spherical Coordinate System
and Heliospheric Space. The equatorial plane is chosen
for analysis
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The ambient steady-state of the interplanetary medium is obtained by setting

a( )/ot = 0. The result, within our domain of superseonic/super-Alfvénic flow,

is a 1-D flow with a canonical Archimedean magnetic-field topology in the equa-
torial plane (Figure la). Initial conditions, including small meridional velocity
and magnetic field components, at the inner boundary (taken at 18 Rs' where Rs )
is the solar radius) are varied until the desired representative values of the i
various plasma and field parameters are obtained at 1 AU, The parameters at

1.10 AU and at 18 HS are given in Table 1, The computational domain can be

adjusted to suit the particular problem of interest. The present code can handle ¥
problems in subsonic as well as in the supersonic flow regime; however, for |
subsonic flow problems, the boundary conditions should be modified to satisfy )

the compatibility relations and non-~reflective boundary conditions. The latter i

requirements have been considered in several solar-oriented problems (see, for

e p e

example, Hu and \’Vu;33 and Wu et a1.34) but not, as yet, in the present code.

3

Table 1, Initial Steady-State Solar Wind Conditions

AN

Parameter 18 RS 1.1 AT l‘j
n 1.8 % 105 em™3 10.0 em ™3 ]
- 250 km/s 360 km/s
. 0.2 km/s 4.4 x 1072 km/s
Vé 4.0 km/s 0.5 km/s
] 300 nT 2.3 nT
) 1 nT 4,4<107% ot
B¢ -30.0 nT -2.0nT
T 1.1 x 10% °k 3.3 x 10 °k :

With respect to grid size, we chose Ar = 2RS and A¢ = 3°. To cover 180°
of heliolongitude and radial distance just beyond 1 AU, 111 radial positions and

33, Hu, Y.Q., and Wu, S.T. (1982) A full-implicit-continuous-kulerian (FICE)
scheme for multidimensional, transient magnetohvdrodynamic (MHD)
flows, J. Computational Phys, (in press),

34, Wy, 5.T., Hu, Y.Q., Nakagawa, Y., and Tandberg-Hanssen, 1. (1982) i
Induced mass and wave motions in the lower solar atmosphere, 1. ffects
of shear motions on flux tubes, submitted to Astrophys. J.




61 azimuthal positions were required (Figure 1lb). “maller grid size would result

in better resolution of the flow field at the expense of larger computer storage,
Numerical results with the present grid size showed relatively good accuracy.
tlach of our solar-flare-generated MHD shock perturbations was introduced
at the lower boundary lasting a time, At, with a ramp input and decay (to ¢limi-
nate numerical instability) at each siae of the temporal duration,  The Rankine- b
Hugoniot MHD shock jump conditions were senarately solved for an arbitrarily-
selected shock velocity taking the lower boundary steady state conditions (Table
1) as the pre-shock conditions.  The computed post-shock conditions were then

" O . . . .
taken at the center (0 - 11) of o 247 longitudinal extent in our equatorial plane.

Al

Thus, the shock's central meridian (CM) is located at ¢ = 30(), measured count -
creloekwise from the horizontal axis in Figure 1b, We assumed a sinusoidal
di-cav of the post-shock eonditions to either side of this shoek wave in order to
simulate the oXistence of an ssvinmetrical shoek generated oviginally by our

"canonical” solar flare, We will examine globul (that is, 150° equatorial plane)

snapshots of magnetic field 1apology, density, and temperature, as well as the

4
time series of the various propertivs ax "meassured” by o hvpothetical observer
at two radial positions, 0.3 AU and 1 AU, along the flare's CM and at two addi- "4
tional heliolongitudinal positions of 33°W and 00°W of the CAl (Figure 1b). J
Computations were performed for a wide range of shock velocities, Vs' at
the centor of the are shown in Figure 1b at 18R @ 500, 1000, 1500, 2000, 3000,
and 3500 km sr(*-l. The temporal duration, Ar, ot the simulated flare was taken :
for most of these shoek velnceities s 1800, 3600, 5400, and 7200 sec. These :
latter figures are based, rather heuristically, on representative (characteristic) :
time durations of integrated soft X-rav flux observations by earth-orbiting :
spacecraft, We will discuss only the case, \'S - 3000 50(71 (5400 sec), in (his
report in order 1o focus attention on essentinl physical features of the interplan-
etary disturbance between the sun and Farth,
4
3. GENERAL RESULTS =
i
This section will consi-ter some representative, essentinl results for the
case mentioned in Seetion 2, A detailed examination of the capability of the ¥
numerical cade to produce phvsicallv-relevant additional quantities is given in "‘
Appendix B for the same case, :
For the purpose of illustration, we will discuss here only the results gener- .
ated by a "flare' that generates an interplanetary shock wave with a veloeity of
3000 km svc‘-l at 18 salarv radii,  The temporal duration of this large flare (as ‘
‘
i
13 |
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indficated by a hypothetical soft N-ray observation, integratod over the solar disk),

is taken to be A = 5400 sec,
Figure 2 shows the contours of total pressure projected onto the solur cquins

rorint plane at t 0, 20,2, 40.2, and 60,1 he after initiation of the are, The
2
nk'l - BT da) with units

,
cantours :n'v‘lzﬂwlv«l by o fogarithmic scale for I,ugm {2
af lvnes <‘m_2, The classieal Avchimedenn spival INEF s not shown gt v 0 hry
It 15, however, shown ot subsequent times, superimposedl upon thie total pressure
contours, as the flare-generated shock wave expands toward Poorth's orbit, We
el attention to the loeal minimum of the total pressure that oceurs in the region
of the most severe (ME kinking (note the S-shaped veversals) s clear thas
this B-field rotation is Jue to the shock's passage through the solar wind, (Somee
tetailed physies of this feature arve discussed in Appendix Bo) Yot within the
peripheral nreas one Jeteets total pressures that arve higher than the carlier

un listurbed vilues at the same locations.,

I'he basic parameter, solar wind velocity, is graphically shown in Figure 3
as an ovolving 3-D surface,  Only the quadrant 0 < ¢ « 1'00, is shown so that the
viewer, ininervtial space, can observe the disturbance's major features, The
undisturbed, steady-state solar wind thomogenecous in heliolongitude) is shown
in Figure 3(a), The "clif" ot the lower left corner of each subset of this figure
simply represents adiscontinuance of the caleulation beyond 1,1 AU and, there-
fore, should be ignored, (We plan to extend the computational Jdomuain in the
future,) It is seen, in Pigure 3(b), that the central, strongest portion of the fas
forward shock is about threc-fourths of the distance to the cacth's orbit, The
fust reverse shock's strongest portion is also seoen in this figuee foet 20 he
(Note that the large velocities, as indicated in the figure title, reguired o scale
change from that used in the other parts of the figure, ) Attentuation of the shock
wave in the heliolongitudinal divection is clearly seen for both rast foraard and

reverse shocks, Motion of the fast forward shock ow of the domain (exeept for a

longitudinal remnant at ~¢ 80-00) is also seen in Figure 3(¢), The fast reverse

shock passes out of the domain at the later times (~80 hr) as noted in Pigure 3(0)
and 3(d).  As the flow gradually veturns to the oviginal steady -state condition, e
note several vadially-oriented, relatively-higher veloeity " ridges” that are clus-
tered arvound the radiallv-extended IMF. The vidges vepresent the Joci of several
slow mode woaves that are the nonlinear counterpart of the well=known " petalz” in
the Friedrich's phase velocity diagram, It is recalled that the slow mode propua-
gation vectors are restricted in angular extent sbour the loeal divection of the
magnetic field, Figures 3(e) -~ 3(g) show the longitudinal motion, away from the
original shock's CM, toward both lower and higher values of ¢.

Figure 4 shows, in a time series format, radial velocity, density, temper -

ature, and IMF total magnitude at 1,0 AU, Figures $(n) - 401 show the e

14
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Figure 3. Three-dimensional, Polar, View of the Solar Wind Velocity Surface
Within the Quadrant 0 < ¢ < 900, Since the computational domain is terminated at
1.1 AU, the velocity appears as zero outside this distance in this presentation and
should, together with the vertical "cliff') be ignored., The outer boundary condi-
tions allow for continuous flow through it as indicated by the smooth passage of,
for example, the forward and reverse shocks through v 1,1 AU: (a)t - 0 hr
(ambient, steady-state solar wind as given in Table 1), (b}t 20 he [complete
structure of the disturbance is contained within the romput itional domain., Note
scale change compared with (a). (AV);,,¢ 618 kim sec- 17, (e) t - 40 hr [fast
forward shock has nearly completed its passage through tho 1.1 AL radial posi-
tion, (AV)yax within the computational domain is 383 km sec-11, (d) t - 60 hr
[strongest portion of the fast reverse shot k is approaching the 1. 1 AU radial posi-
tion. (AV)max 295 km sec-1], (¢) t = 80 hr [strongest por:ion of the fast re-
verse shock has passed through tho 1.1 AU radial position. (AV) - 196 km
sec-1], (Dt 100 hr [fast reverse shock has (‘omplrt(‘d its p'\bsag(‘ ’fhrough the
1.1 AU radial position. Multiple, radially-aligned ' ridges' are remnants, via
slow mode wave propagation, of the original disturbances. (AV),,, 100 km
sm"ll, and (g) t - 160 hr {continuation and gradual attentuation of cf(btulb'm(‘e
and return to ambient conditions, (AV)max - 60 kin sec
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Figure 3, Three-dimensional, Polar, View of the Solar Wind Velocity Surface
Within the Quadrant 0 < ¢ < 900, Since the computational domain is terminated at
1.1 AU, the velocity appears as zero outside this distance in this presentation and
should, together with the vertical "cliff'', be ignored. The outer boundary condi-
tions allow for continuous flow through it as indicated by the smooth passage of,
for example, the forward and reverse shocks through r = 1,1 AU: (a)t = 0 hr
(ambient, steady-state solar wind as given in Table 1), (b) t = 20 hr [complete
structure of the disturbance is contained within the computational domain, Note
scale change compared with {a), (AV)lnax - 618 km sec~1], (c)t - 40 hr [fast
forward shock has nearly completed its passage through the 1.1 AU radial posi-
tion. (AVhyax within the computational domain is 383 km sec~1}, (d) t = 60 hr
{strongest portion of the fast reverse shock is approaching the 1,1 AU radial posi-
tion, (AV)ax = 295 ki sec=l], (o) t - 80 hr [strongest portion of the fast re-~
verse shock has passed through the 1.1 AU radial position. (AV),,,, = 196 km
sec=l], (Nt = 100 hr [fast reverse shock has completed its passage through the
1.1 AU radial position, Multiple, radially-aligned "ridges' are remnants, via
slow mode wave propagation, of the original disturbances., (AV) 5y © 100 kin
sec~l] and (g) t 160 hr [continuation and gradual attentuation of J%sturbanc‘v

and return to ambient conditions. (AV)”M\, = 60 km sec”1} (Contd)
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k series at the CM of the flare-generated shock pulse. It is seen that the fast
forward shock arrives at 1.0 AU at about t = 24 hr and a more well-developed 5
fast reverse shock arrived at about t = 60 hr,
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4. GEOPHYSICALLY-RELEVANT SOLAR WIND PARAMETERS

As noted in the Introduction, there is currently an evaluation of various
combinations of solar wind parameters and their statistical relevance in regard
to various geomagnetic indices. We have already implicitly answered the first
of the four fundamental questions posed in the Introduction. We have done so, at
least, for the case considered thus far: a uniform steady-state solar wind with
a canonical spiral IMF that is disturbed by a very fast shock at IBRS

the case of VS = 3000 km so(‘-l, At = 5400 sec, Thus, if the ecarth were located

, namely
at or within 90°W of the pulse's CM, we would reply in the affirmative to the
question: Will a disturbance (presumed to be known with some confidence close
to the sun) reach the earth?” We will study the case of larger angles, both west

and east of the CM in the future,

The second question is, if a disturbance will reach the carth's magneto-
sphere, when will it begin® Arrival of the fast-forward shock wave at the mag-
netosphere will produce a storm sudden commencement, (Whether a storm main
phase will follow is discussed later.) We have intensively examined the case
mentioned in the preceding paragraph.  As noted earlier, we also studied a wide
range of initial shock velocities and flare duration times, The range of initial
velocities was 500 < VS < 3500 km so(‘_l and 3600 < At < 7200 sec. As noted,
details of the disturbed plasma and IMI for most of these cases are given in
Appendix B, The upper limit for transit time is that given for the case of the
original steady-state solar wind., Thus, the integrated transit time for o test
particle moving at 250 km sc‘v-l at 181{5 (Table 1) is 110 hr in all directions
(since CM in this limiting case has no meaning). A test particle moving laster
than this speed will obviously arrive sooner at 1 AU, Thus, a small pulse that
produces only the three well-known MID (fast, slow, and Alfvén) modes will not
produce a fast shock until the disturbance velocity exceeds the fast mode.  Our
lowest VS exceeds this bound; we have not studied (here) the case of purely linear,
or even nonlinear, MHD wave modes and their coupling (although our computer
code is fully capable of handling such situations). Thus, strictly speaking, our
results for shock transit time, shown in Figures 5(a) - 5(c), apply only to the
fast-forward shock wave., The curves! upper bound is simply the 110-hr transit
time for the undisturbed steady-state solar wind. The curves have been extrapo-
lated to Vs - 4500 km svc-l as part of our polvnomial fits to the individual points
found from our more restricted study.

We made no attempt to extrapolate below o1 above the assumed set of "flare
duration' times, At, Classically, a shock wave that results from a delta function
input of energy is called a "blast wave''. (We leave the interpolation of this case,

At + 0, to the reader.) Rigorously, then, all of our shocks are really

1o




a At ="60 sec
FLARE IURATION b At =40 sec
c At=7X0 sec
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INUTIAL SHOCK VELOCTTY AT 18R, (M SEC™)

Figure 5. Shock Transit Time to 1.0 AU, The initial shock velocity is as-
sumed to be known at 18Rg; no allowance is made for the transit time from
1.0 - 18Rg. The ""flare duration' time is assumed to be known, on a heu-
ristic basis from the temporal profile of the soft X-ray flux (for example,

1-8A) from a given flare: (a) CM, (b) 33°W of the CM, and (c) 90°W of CM

"piston-driven’" shocks because At is finite, Since our choices for At are small
relative to the transit times for most of our Vg choices, we would be justified in
referring to these shocks as ''blast waves' only after At has been completed and
the elapsed time is large compared with ot. As a counter example, for the case
of Vs >> 3500 km Se(‘-l and At > 7200 sec, and at CM, the shock transit time
will be of order of 10 hr, If At were of order of 3 to 5 hr, we should rcefer to
such a shock as "piston-driven' all the way to 1 AU, In any case, Figure 5 pro-
vides a prediction (neglecting an additional, but smuall, correction for the transit
time from 1-18Rs) for the second, operationally-motivated, question: when will
the disturbance (read: fast forward shock for our study) reach earth? A [inal
caveat is important: Figure 5 pertains only to the representative solar wind
velocity profile given in Table 1, thus the transit times for other cases would
require revision upward or downward!

The third and fourth questions posed in the Introduction (how severe? how
long ) are much more difficult to answer for the general case of spatially-in-
homogeneous photospheric, coronal and solar wind conditions, at best, and for
the temporal changes that are superimposed on such a background, at worst, We

will return to our "ansatz' or'

'canonical' exawmnple of the case VS = 3000 km
snv'l (At = 5400 sec) in order to offer straightforward answers to these two

questions, Our answers are obtained self-consistently from the foregoing results
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within the context of the somewhat controversial debate currently underway as
noted in the Introduction. We will, therefore, discuss our calculations for the
energy flux parameter, €, and the electric field, VBS. Note that the former is
evaluated in the frame of solar-~ecliptic coardinates (not solar-magnetospheric
coordinates), Note, also, that our velocity is the resultant magnitude of the
velocity (which coincides with other current usage). Our "Bz" is really Bg, which
is positive when directed southward (by virtue of our use of standard spherical
coordinates), Since Bz, as used by magnetospheric physicists, is negative when
directed southward of the ecliptic, the reader is asked to change signs (mentally)
when comparing these results with those shown in magnetospheric papers on

this subject,

Figure 6 shows the time series for € and VB, at 1.0 AU for the case: VS =
3000 km sor‘_l, At - 5400 sec. If we were to adopt the recipe proposed, for
example, by Hakamada and Akasofu, 1 we would predict high latitude activity, as
measured by the Al index, to commence at t = 24 hr (immediately following the
SC) when € rises to the first threshold of 1018 erg spc—l. We assume, for this
exercise, that the carth's magnetosphere is located at CM. The second threshold
of 1015] erg sec_l would be breached at t ~ 26 hr when the mngnvtospheri'c ring
current would develop, as measured by Dst, and the main phase of the geomag-
netic storm would begin with associated auroral zone motion and ionospheric
disturbances at lower latitudes., Interpreting the 1019 erg spc_l threshold some-
what liberally, we might suggest that the Dst would fluctuate somewhat until t ~
38 hr, at which time the low to medium latitudes would recover to pre-storm
conditions. The high latitude activity would persist until € falls below 1018 erg
se‘c_l at t ~ 37 hr. Overall, then, one would suggest, on the basis of this exer-
cise, that the activity {(when earth is located at CM) would primarily be located

at high latitudes, with a brief Dst perturbation. As for the fourth question, a

t'me duration of 37-24 - 33 hr would be offered as a prediction for the storm's
duration.

On the other hand, if we were to adopt the concept of the half-wave rectificr
proposed, for example, by Burton et al, 9 we would predict Al activity commenc -
ing (as in the previous example) at t ~ 24 hr and ending at t ~31 hr when VB in
Figure 6 is positive (negative, in the parlance of the magnetospheric physicists).
The large negative values in Figure 6 would, in this recipe, not be relevant since
the 1, component (H,, in our parlance) would be northward during the interval
31 < t < 60 hr,

Clearly, these two recipes discussed would also be used for the most prob-
able cases when the carth's magnetosphere is at locations other than CM. We
hope it is clear to the reader that location relative to CM is not necessarily the

prime consideration. The strength of the perturbation (velocity) as well as the

21




s 1~ g e

Amu JO Mo06 (2) pue ‘|yD JO NoEE Q) TN () tbes gopL - 4T

.Tu@m W 000¢ = SA 9se)) uyl Jduj AV T HA npoad oy pue ‘3 ¢ doidleded <n{f sFaour g sangi g
L TUIN S i
; 202 o . Q e . v % 0 ARE v : 0
m . N . - [ . S
_ nw
. W T s
- 1 | n~—
z
; .
L - —— > 1
‘ P *
, A
v IET
f [}
1 2N ! M
_ . T
_ ' o . _ b
WD 40 1SIM . ¥ (%) W) 40 1S3M .. Q) LU Wy o)
2 PR )
* NS W W




orientation of the BF) component evolve 1n the ecarthward direction following some
kind of change at the sun, Hence, it is possible (as shown for the 33”W position

in the central panel of Figure 6) that € can be greater at positions other than CM,

5. CONCLUDING REMARKS

We have used i time-dependent, nonplanar, 2-D MHD computer model to
simulate a number of flare-generated shock waves and their concomitant effects
on the interplanetary medium. The example of \'ﬁ 3000 kin m-r--ll with an
assumed flare (or, equivalently, energy input) time of 5400 sec, was used as a
detailed illustrative case, A representative steadv-state, solar wind with axial
symmetry, was assumed for simplicity as part of this "ansatz” problem with
three components of the velocity vector and magnetic field, Henee, all nonlincar
wave mode coupling is inclulded self-consistently,

The following major result evolved from the presentation of the complete
sets of plasma and IME parameters,  We have established the fact that the model
can be satisfactorily used to compute any form of geophvsicallyv-relevant solar .

‘ wind parameter (such as € or VBS) for long-range (~ days) predictions of geomag- ¥
netic and ionospheric activity.  Future work must include retrospective tests
that employ both solar and multi-spacecraft observations for specific intervals
of time, Perhaps several weeks before, during, and after one or morve solar
flares and/or coronal hole evolutionary observations should be a minimum tem-
poral range that should be used in o test made for the NMTHD model,

Still lacking in the present work is the incorporation of additional physical | ]
phenomena such as multi-fluids, dissipation (thermal conduction, viscosity, and
electrical resistivity), and more initial-boundary value conditions that are more
realistically reflective of the changing mood of solar conditions, Perhaps the two '
most important omissions in the present work are the incorporation of hybrid
kinetic /fluid effects as discussed by (3upvrm:m3 2 and \’\'ul‘“ and more realistic
considerations of heat flux and non-NMaxwellian distribution functions. l.ast, but
not least, even the most "primitive” version of the MHD model as discussed here,
must be tested by direct confrontations with a number of spacvceraft observations ‘

|

during specific (that is, not statistical) intervals of solar ‘interplanetary activity,

35, Cuperman, 5. (1982) Solar wind theory, Space Sci, Rev. (in press),
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Appendix A

General Equation for the Conservation of
Fundamental Physical Quantities

The governing equation for the conservation of fundamental physical quantities

without dissipation {(except at shock waves) in mks units is;
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The first term in Equations (2) - (5) gives the continuity equation for conser -

vation of mass.

tions in the radial, meridional, and azimuthal directions, respectively,

The second, third, and fourth terms give the momentum equa-

The fifth,

sixth, and seventh terms give the induction equation in the same three directions

[ again, 8()/28 = 0] with infinite electric conductivity governing the coupled inter -

action between the plasma motion and the magnetic field.

Finally, the eighth term

provides the energy-conservation equation for our one-fluid system. This dynam-

ic system is assumed to be adiabatic and the svmbols have their usual meaning:
p is the mass density; V - (Vr' VG' V¢) denotes the mass-flow velocity vector;

T is the temperature; B = (Br' BB‘ B¢) denotes the magnetic field; p - 2pRT is

the gas pressure, accounting for equal electron and proton contributions via
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Dalton's law; Ms is the solar mass; ¥ the gravitational potential; G the gravita-
tional acceleration at the surface of the Sun (v I{S); q the specific heat ratio
(H./3); and o is the magnetic permeability in a vacuum. The independent varia-
bles ave time () and the radial (r) and azimuthal (¢) coordinates in this non-

planar (2-D, 3-component) system.,

e o e e




€
i
'

Appendix B

Additional Results

We have presented major results in the main text for the case: VS = 3000
km s:*v_l, At - 3400 sec. Inorder to examine the more detailed physics, for
completeness we shall now outline some other interesting results in this appendix
for this cuse.  The capability of the MHID model to provide temporal and spatial
Jderails of the disturbed interplanetary plasma and IMF will also be demonstrated,

Figure Bl shows the IMF as projected into the equatorial plane att = 0, 20,2,
40,2, and 60.1 hr. Recalling the location of the shock's CD] (equivalent, essen-
tially, to the flare's CM), we note the fast forward shock-induced deformation,
particularly along and east of the CN, Of particular interest is the reversed
IMI polarity (from outward to inward) within the disturbed flow at t = 40,2 hr,
We will refer again to this feature and the physical mechanism with which this
kinking is ussociated. As the shock recedes into the far reaches (that is, beyond
1 AU in the present case) of the equatorial plane, the IMF gradually returns (t =
200 hrv) to its pre-flare Archimedean topology. The numbers on the heavier lines
are constants associated with magnetic vector potential; they have no meaning
other than their usefulness in the identification (as time progresses) of the foot-
point of a particular field line at IHRS. These field lines have already been
shown, in Figure 2, superimposed upon the total pressure contours. Here in
Figure Bl, however, the distorted IMF can be seen more clearly,

Figure B2 shows the contours of I,ogm'l‘ together with the superimposed IMF

from the previous figure. The formation of the fast forward MHD shock wave is
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Figure Bl, Interplunetary Magnetic-ficld Line Deformation Following Introduction
of a Solar Flare-generated Shock Wave, Vg = 3000 km sec™ ' and At = 5400 sec.
(a)t = 0hr, (b)t - 20,2 hr, (¢)t=40,2 hr, and (d) t = 60.1 hr, The numbers on
the heavier lines are chosen by the computer (from the vector potential constanis)
and indicate the original longitudinal position at 18Rg

now observed more clearly. We can also observe the formation (between the
contours along the CM within the values att = 20,2 hr, LogloT = 6.0 and 6. 4) of
a fast reverse MID shock wave., See als> D!'Uston et al, Bl where this formation
was described in more detail. At t = 40,2 hr, the shock is identified between

the contours of I_,ong = 5.6 and 6.0. The reverse shock reaches 1 AU at about
t = 60,1 hr. Note that the forward shock becomes attenuated as the position angle
of an observer increases to each side of the CM, The reverse shock is much
narrower; it too becomes attenuated at much smaller position angles, It is of

great importance to emphasize the substantial amount of heliolongitudinal

Bl. D'Uston, C., Dryer, M., Han, S.M., and Wu, S.T. (1981) Spatial structure
of flare-associated perturbations in the solar wind simulated by a two-
dimeunsional numerical MHD model, J. Geophys. Res. 86:525-534,
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Figure B2, Temperature Contours, Together With Superposition of Deformed
IMF {at t > 0 hr), Following Introduction of the Shock Wave, Vg - 3000 km
soo'l, At 2 5400 sec, Numbers are 1°g10 (°K)

spreading (beyond 90°%) accomplished by the shock whose original "angle of spread”
at ISRS was only 24°. 1t is also of great interest to note that the region of IMF
polarity reversal (t = 40.2 hr) takes place in the vicinity of the reverse shock,
We believe that, for the present case, the reverse shock is a parallel shock
where the plasma temperature gradient is the steepest, hence there is no intro-
duction of an azimuthal IMF component. At ¢ < 30° (that is, east of the flare's
CM) the reverse shock is quasi-parallel, hence an azimuthal IMF is required on
the downstream (anti-sunward) side of the shock., The subsequent bending of the
IMF must be compatible with the azimuthal component generated by the eastward
flank of the fast forward shock (outside the computational domain at t = 40.2 hr),
The net result is the spatially-deformed IMT as shown near (and eastward of) the
CM in Figure B2(c).

Before leaving the temperature contours, we wish to point to another impor-

tant result: the outward movement near CM of a region of temperatures that are
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cooler than the pre-disturbed values at the same points. We call the readers? '
attention to the contours that intrude, as it were, sunward from the local mini-
mum. As time progresses, these sunward contour "intrusions'" become more
elongated. It can be seen, by comparison with the contours fort = 0 hr [ Figure
B2(a)l that the temperatures are indeed cooler than their undisturbed values
along this narrow heliolongitudinal corridor,

We have called this IMF and temperature behavior to the readers' attention
because of its relevance to the observations of magnetic '""clouds" (Klein and
Burlaga;B2 Burlaga et al., B3 and others), We will return to this point in several
additional discussions, regarding the density, total pressure, and plasma beta
(3 = 167 nkT/B?).

Figure B3 shows the contours of Loglon (cm '3) together with the superim- '
posed IMF from Figure Bl, The large extent of the low density, overexpanded "
regions behind the fast forward MHD shock has been pointed out in ecarlier work
(Wu, Han, and Dryor‘;B4 Dryer, Wu, and Han;B5 and D'Uston et al.Bl) and is
evident here again. Here, however, we can relate particularly-low minima with
the IMF twists and turns as outlined during the temperature discussion,

We also call attention to contours of plasma beta (3 = 167 nkt/Bz) in Figure
B4. This parameter is of importance, not onlv in the context of discussions of
the magnetic clouds (Klein and Burlaga;B2 Burlaga et aI.BS), but also in the study

of the structure and foreshock characteristics of both forward and reverse shocks,

Plasma {3 (ratio of thermal to magnetic pressures) is also of great importance in
the eventual delineation of a hybrid linkage of kinetic and MHD modelling of inter-
planetary disturbances in a self-consistent way. Figures B4(b) and B4(c) clearly
show the attainment of extremelyv-large values of 3 >> 1 that are co-spatial, more-
or-less with the IMF reversal regions. We also see that the opposite extreme,

B3 << 1, occurs within the much larger region of the disturbed flow.

B2, Klein, [..W., and Burlaga, I.. F. (1982) Interplanetary magnetic clouds at ‘
1 AU, J. Geophys. Res. 87:613-624, |

B3. Burlaga, L.F,, Sittler, I,, Mariani, F., and Schwenn, R. (1981) Magnetic '
loop behind an interplanetary shock: Voyager, Helios, and IMP 8
observations, J. Geophys., Res. 86:6673~6684,

B4, Wu, S.T., Han, S. M., and Dryer, M, (1979) Two-dimensional, time-
dependent MHD description of interplanetary disturbances: simulation of
high speed solar wind interactions, Planet, Space Sci. 27:255-264.

B5. Dryer, M., Wu, S.T., and Han, S.M. (1980) Two-dimensional, time-
dependent MHD simulation of the disturbed solar wind due to representative

flare-generated and coronal hole-generated disturbances, Geofis, Intern,
19:1-15,
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Figure B3. Density Contours, Together With Superposition of Deformed IMF
(at t > 0 hr), Following Introduction of the Shock Wave, Vg = 3000 km sec™1,
At = 5400 sec. Numbers are Log;q (particles cem=3)

As discussed in several earlier papers {(Dryer, Wu, and Han;B5

B6
), the results of n, T, ptotal'
istics of magnetic clouds as observed and delineated by Klein and Burlaga.

Wu, Dryer,

and Han and f3 appear to replicate the character-

B2
The characteristics to be discussed are shown for only one case: Vg © 3000 km
sec-1 (At = 5400 sec), which is representative of the entire range of initial shock
velocities mentioned earlier in the main text., It should be remarked that we
made no special efforts to arrive at characteristics discussed by Klein and |
Burlaga, thus they were derived in a completely independent way. We, therefore,
will continue to describe our results with comparative remarks, regarding the

magnetic clouds, left for a discussion later in this appendix.

B6. Wu, S.T., Dryer, M., and Han, S.M. (1982) Non-planar MHD model for
solar flare-generated disturbances in the heliospheric equatorial plane,

submitted to Solar Physics.
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Figure B4, Plasma Beta (3 = 167 nk’l'/BZ) Contours, Together With Super-
position of Deformed IMF (at t > 0 hr), Following Introdurtion of the Shock
Wave, V_ - 3000 km sec™l At - 5400 sec. Numbers are Log,

Figure B5 shows the fractional temperature change, (T - 'I‘o)/’l‘o, as the
shock and post-shock flow pass through one quadrant of the computational domain.
With reference to the half-tone scale given to the right side of Figure B5(a), we
note that a very high Mach number shock (which is not unexpected since the initial
velocity was so large) is seen at the flare's CM. The initial heating, of course,
gradually decays as time progresses; eventually, an expanding region of cooler
gas appears as Seen at t = 80 hr in Figure B5(d). This result can also be seen |
in the contour plot of Figure B2(d) which shows, att = 80 hr, temperatures as
low as 103' 8 K, as compared with original values [ Figure B2(a)| of ~ 10%-6 og
at the same location close to the flare's CM.

Figure B6 shows the fractional density change, (n - no)/no, corresponding
to the same times shown in the previous figure., Once again, as with Figures B2
and B3, we can compare the shock compression and heating, followed by adiabatic i

cooling and expansion in the sunward direction until the reverse shock is
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Figure B5, Fractional Temperature Change, (T - T )/T , Within Part (0 = ¢ <

a0%) of the Calculational Domain. Note that the centfal p8rtion of the fast forward
shock has left the domain, Also, note the large region with no shading (see half- i
tone scale to the right of the lower right panel) with significant cooling relative to i 8
the ambient, undisturbed temperature: (T - TO)/TO = -0,3 3

encountered, The faster velocity, sunward of the reverse shock (Figure 3), flows

through this discontinuity where a much lower level of heating and compression
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with Figure Bi{(d)}

takes place, The overexpansion that follows behind the reverse shock (and its

attenuated longitudinal extent) is apparent in each of the boxes in Iigure B6 (as
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noted by the negative values in the keyed half-tone scale next to each box). Note
that the regions of depressed (lower than original steady-state values) tempera-
tures and densities [ Figures B5(d) and B6(d)] overlap in a scale size that, at 1
AU, is about 0,25 AU in longitudinal extent. Comparison of these two figures
shows that the length-to-width ratio of the depressed density region is oriented
in the ¢-direction, whereas that of the depressed temperature region is oriented
in the r-direction. We suspect that the region of overlapping, together with part

of the region of IMF reversals, may constitute a magnetic cloud whose plane of

minimum variance (of the IMF component perpendicular to it) is reasonably close
to our equatorial plane. Klein and BurlagaB2 noted that their set of 70 candidate
magnetic cloud events included some (~ 25) for which the minimum variance
direction was, indeed, ncarly normal to the ecliptic plane.
Figure B7 shows the fractional change of total pressure, (P

Plotalo’ where Ptotal
increase as a result of the fast forward shock coinpression and heating., An

2 total ~ Ptotalo)/
2nkT + B”/87. There is, of course, a rapid, precipitous

observer at 1 AU along or near the CM would observe this rapid rise, followed
by a gradual decrease over a period of about 3 days, as suggested by the results
in Figures B7(a) - B7(c). Thereafter, for about 2 days, the total pressure would
be predicted to decrease below its steady-state value, This result appears to
contradict earlier discussions of cloud expansion due to high total pressure within
them, In fact, it does. The earlier discussions implicitly assume that static
equilibrium is present. By virtue of the time variance of all parameters at an

observing spacecraft (see Klein and BurlagaB2

), the flow is time variant in the

spacecraft frame. IHence, a simplistic determination of a gradient of total pres-

sure is insufficient to arrive at a valid conclusion concerning '"cloud" expansion,

cooling, ete, Here, we have assumed, implicitly, that reconnection need not

take place; if true, extraneous bubbles might, in principle, float with the solar

wind or even move relative to the plasma like a projectile. We think it premature

at this time to require such exotic systems. Thus, we believe that a simple time-

variant system as described here is sufficient for a fundamental, self-consistent

understanding of the basic physical process for, at least, the shock-associated

magnetic clouds described by Klein and Bur’laga.P’2
The discussion of temporal phenomena, as found by the MHD model, would

be incomplete without a presentation of the plasma and field parameters at vari-

ous ohservational points., In the paper by Wu, Dryer, and Han, B6 we used the ,

example of VS = 1000 km sec_l to present all parameters (including velocity and .

magnetic fields) at various points, each one considered separately, Here, we i

use a variation of this former presentation in order to emphasize heliolongitudi-

nal attenuation of the basic physical quantities: radial velocity, density, tempera-

ture, and total magnetic field at 0.3 as well as at 1,0 AU,

|
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(F'rom a practical point-of-view, the two Helios spacecraft move very quickly
through their 0.3 AU perihelia. Hence their hypothetical counterpart would
"sample”, only a short portion of the 200-hr series shown in Figure B7.)

Figures B8(a) - B8(d) show the radial velocity, density, temperature, and
total magnetic field at the CM of the canonical flare that produced a 3000

km 5(-(‘-1 shock wave at 18RS, as used in the present simulation, The out-
standing features are: (1) prompt arrival about 4 hr later of the fast forward
shock followed at t @ 10 hr by the initiation and build-up of the fast reverse shock;
(2) rapid compression, followed by an extensive rarefaction to greatly-reduced
densities for about 30 hr before the recompression and very gradual return to the

pre-disturbed values of density; (3) rapid heating to a temperature of ~ 24 < 106

OK, which is common in a large flare; and (4) magnetic compression and rare-
faction, accompanied by the strongly-deformed topology shown in Figure Bl, with
a recovery to only one-halfl its pre-disturbance value at the termination of the
simulation, This is a real result and not a numevrical artifact; the azimuthal and
meridional IMF components return very nearly to their pre-disturbance values
after the strong shock perturbation, but the radial component appears to respond
in a wiggly fashion as the slow mode wave moves outward as well as in the longi-
tudinal direction as discussed earlier in the discussion of Figures 3(e) - 3(g).
Panels (e - h) and panels (i - 1) of Figure B8 show the same parame-
ters at 33°W and 90%W, respectively, of CM. Noting the increase of the vertical
scale [ especially for the case of 90°W in Figures B8(i) - B8(1)1, the delay (of
arrival time) and attenuation of the peak velocity, density, and temperature at
the forward shock (even at 90°W) are clearly seen. Note, however, that the peak
IMF is increased at 33°W (to 610 nT) relative to its peak value at CM (385 nT).
The reason for this result is straightforward when one keeps in mind the fact that
the shock propagates asymmetrically in a simultaneous radial and heliolongitudi-
nal fashion, At CM, then, the shock is very nearly quasi-parallel - but not quite
so; thus the IMF jump is | from Figure B8(d)}! only from 235 nT to 385 nT. At
330\\', however, the shock normal inclination to the IMF (On, B) is larger than at
('M; hence the magnitude jump [ Figure B8(h)] is larger, from 235 nT to 610 nT
despite some attenuation of the shock velocity in that direction. By 90°W, how -
ever, the shock velocity's attenuation overcomes the influence of a quasi-perpen-
dicular value of on' g+ and the jump [ Figure B8(1)! is from 235 nT to only 297 nT.
Further, we explored a simple variation to our ansatz problem. What would
be the Farth-oriented effect on € and VBy if the By component at 18Rs were
initially an order of magnitude larger (10 nT) than the value, By : 1nT, as used
heretofore (Table 1)? To answer this question, we performed another calculation
(about 3 min on the Cray-1, 33 min on the Cyber-750) with this change to the
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parameters in Table 1, The results are shoun in Figure BS, Contrary to a

simplistic kinematic expectation, we did not obtain a larger € simply as a result
of anmitiallv-larger southward IMEF component. Figure BXa) shows that the

19 erg so(‘-l threshold

magnitudes of the two maxima are reduced below the 10 1
that had otherwise been breached in Figure 6i(a),  On the other hand, VB/) was ‘ :
increased by more than an order of magnitude, which would be in agreement with ‘
a kinematic interpretation that is not dependent upon a realistic evolution and

Kinking of the M,
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i
!
This latter point concerning the evolution of the IMF brings us to our final ‘
i

comments regarding the earlier"Ymagnetic cloud"discussion. We cross-plotted
the IMF components against each other (without performing a minimum variance ,
computation in this early exploratory work) for the case Vs = 3000 km sec_l, 3
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M 200 sec; li” 10 n'l'. The vesults are shown in igure BLO in the form of
polar plots ;155\1111\{112 that the egquatorial plane is o reasonable approximation to
the true planc of minimum variance, It can be scen that) indeed, the exeursion
of B, dors not exceed £ 20 0, whereas the “c‘) component has an excursion to
nearly 80 nT in the eastward direction, It is of interest to note thut o rotation of
nearly 90° of the IMF field, proijected into the equatorial plane, takes place, (It
is also seen in Figure Bl(¢), at positions east of CM for the previous case, that

a 180° rotation takes place.)

Vg = 3000 ki sect
At= 50 Sex

MID SIMULATION AT 1.0 AU
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Figure B10, Polar Plots of IMF at 1 AU, CM, TFor the Case: Vg -

3000 km sec~l At : 5400 sec, By - 10 nT. Note the scale change
0

between Bd) and B,
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